Background and Objectives
Introduction
Cardiovascular disease is the leading cause of morbidity and mortality in dialysis patients but accumulated substances that contribute to cardiovascular morbidity and mortality remain undefined. [1] [2] [3] [4] [5] These substances are often referred to as organic uremic solutes or uremic toxins. They vary greatly in their size, distribution and protein binding. [3, 6] Urea, the current standard for dialysis adequacy, is a non-toxic uremic solute that is easily removed by dialysis. Conventional dialysis maintains plasma urea levels within five to ten times normal. Levels of many non-urea solutes, however, are much less effectively controlled by Kt/V UREA -guided intermittent dialysis schedules. [4, [6] [7] [8] Such solutes may contribute to the persistent uremic symptoms and accelerated cardiovascular disease that has been referred to as the "Residual Uremic Syndrome". [9] The current study examined four solutes-p-cresol sulfate, indoxyl sulfate, hippurate and phenylacetylglutamine-that share the property of colon microbial derivation, [10] [11] [12] [13] [14] rapid clearance by secretion in the normal kidney and accumulation in dialysis patients. [8] P-cresol sulfate and indoxyl sulfate have direct vasculotoxic and cytopathic effects and prior studies have suggested an association between the free levels of these solutes and cardiovascular outcomes. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Hippurate and phenylacetylglutamine also accumulate in dialysis patients but their association with long-term outcomes is not well known. Demonstrating the association of uremic solutes with long-term clinically-relevant outcomes in dialysis patients is an important step in establishing causality between solute accumulation and toxicity and ultimately moving towards reducing toxic levels to improve outcomes.
We measured these four solutes in stored specimens of a national prospective cohort study of incident dialysis patients. The goal of our study was to analyze the longitudinal association between these uremic solutes and cardiovascular morbidity and mortality in dialysis patients.
Methods

Study Design
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for all Dialysis Clinic, Inc. (DCI) participants of the CHOICE study. We followed the participants for all-cause mortality through 12/31/2008 and for cardiovascular mortality through 12/ 31/2004. The Johns Hopkins Medicine Institutional Review Board (Baltimore, Maryland) and the DCI Institutional Review Board approved the study and participants provided written informed consent. Our sub-study sample includes 521 CHOICE participants from 77 dialysis units with available stored specimens.
Data Collection
Specimens. Detailed methods for CHOICE special blood draws have been published previously. [27] Briefly, we collected a non-fasting pre-dialysis blood sample, centrifuged at 2500-3000 revolutions per minute for 15 minutes, separated and refrigerated in the dialysis unit then shipped on ice and stored at −80°Celsius at the DCI central laboratory (Nashville, TN). For this study, we thawed the specimens at the central laboratory, aliquoted and mailed by overnight courier on dry ice to the study laboratory (Stanford University) where we stored them at −80°Celsius until they were thawed for analysis.
Uremic Solutes. P-cresol sulfate, indoxyl sulfate, hippurate and phenylacetylglutamine were measured by stable isotope dilution liquid chromatography-tandem mass spectrometry in samples of plasma ultrafiltrate prepared using Nanosep 30K Omega separators (Pall, Ann Arbor, MI), as previously described. [28] The reliability correlation coefficients from masked duplicate specimens were 0.971 for p-cresol sulfate, 0.982 for indoxyl sulfate, 0.977 for hippurate and 0.972 for phenylacetylglutamine.
Outcomes. Our primary outcomes were cardiovascular mortality and first cardiovascular event. Secondary outcome was all-cause mortality. We adjudicated mortality using information from clinic report, hospital records, National Death Index, Centers for Medicare & Medicaid Services (CMS) death notification forms, and Social Security records, as previously described. [29] We defined first atherosclerotic cardiovascular event (fatal or nonfatal) as an event due to myocardial infarction, cardiac revascularization procedure, stroke, carotid endarterectomy, extremity gangrene or peripheral revascularization procedure, limb amputation, or abdominal aortic aneurysm repair that occurred after enrolment in the study. [29] Other Covariates. We collected data on participants' age, sex, race, residual kidney function (self-reported ability to produce >1 cup of urine daily) and body mass index (BMI). We adjudicated baseline comorbidities including prevalent cardiovascular disease by abstraction of dialysis unit records, hospital discharge summaries, medication lists, consultation notes, diagnostic imaging, and cardiac imaging reports and scoring of the Index of Coexistent Disease (ICED) by two trained nurses.
ICED is a validated medical record-derived index that captures both presence and severity of comorbid conditions. [30, 31] It is derived using peak scores from Index of Disease Severity (IDS) and Index of Physical Impairment (IPI). Conditions scored in the IDS include ischemic heart disease, congestive heart failure, arrhythmias, other heart diseases, hypertension, cerebrovascular disease, peripheral vascular disease, diabetes mellitus, respiratory disease, malignancy, hepatobiliary disease, arthritis and gastrointestinal disease. For each patient, IDS is scored as 0 if none, 1 if mild, 2 if symptomatic but controlled with treatment and 3 if moderate with manifestations present despite treatment. Physical impairments scored in the IPI include impairments in circulation, respiration, neurologic function, mental function, urinary elimination, bowel elimination, feeding, ambulation, transfer, vision, hearing and speech. For each patient, IPI is scored as 0 if none, 1 if mild to moderate and 3 if severe. Based on the peak IDS and IPI scores, an ICED level is assigned ranging from 0 to 3 with higher score reflecting greater severity of comorbidities.
We obtained routine laboratory data including serum albumin, creatinine, Kt/V UREA and phosphate from medical records. We assessed residual kidney function in our study in two different ways. First, we used data on self-reported ability to produce >1 cup of urine daily. This information was available for all study participants (N = 394). Second, we had previously measured serum β-trace protein, β2 microglobulin and cystatin C, as markers of residual kidney function, in a different subsample of the CHOICE Study. Of the 394 patients in this study, 206 patients had data available for these low molecular weight proteins. These measurements were performed at the University of Minnesota.
Statistical Analysis
We compared the baseline characteristics of participants overall and across each solute tertiles using chi-squared tests and linear regression for categorical and continuous variables, respectively. Relationships among solutes and blood urea nitrogen were compared using scatterplots and Pearson and Spearman correlation coefficients.
Our initial review of the data revealed some samples with very high values for free levels of p-cresol sulfate and indoxyl sulfate. Comparison with total p-cresol sulfate and indoxyl sulfate levels measured previously using high pressure liquid chromatography (HPLC) [32] also revealed unusually high free fractions for these solutes. We identified extreme values based on data distribution in an external dataset of 119 freshly collected and processed plasma samples from 43 patients (S1 Table) . Because of the possibility that these extreme values might represent problems with sample handling, we excluded samples with extreme values of either p-cresol sulfate or indoxyl sulfate from the primary analysis. However, in sensitivity analyses we tested how robust the finding were when we included the full sample. We defined extreme values as samples with either p-cresol sulfate or indoxyl sulfate above two standard deviation (SD) of the mean based on external data [n = 87 (16.7%)]. Of the remaining samples, we further excluded samples if either percent free p-cresol sulfate or indoxyl sulfate values were >15% of total concentration [n = 40 (7.7%)].
Covariates with missing values included body mass index (5.6%), residual kidney function (3.7%), phosphate (9.4%), creatinine (9.2%), albumin (9.4%) and Kt/V UREA (22.7%). To avoid listwise deletion, [33] we imputed missing data with 10 data replicates using multiple imputation by the chained equations method implemented by the ice program in STATA. We used Cox proportional hazards regression to model the risk of outcomes per SD increase in solute levels, censoring participants at transplantation or end of study period. We adjusted our analyses for demographics (age, sex and race), clinical characteristics (body mass index, residual kidney function as defined by self-reported ability to produce >1 cup of urine daily, ICED score, diabetes and cardiovascular disease) and laboratory tests (albumin, phosphate, creatinine and Kt/ V UREA ). We checked proportional hazards assumptions by tests of Schoenfeld residuals. [34] In additional analyses, we sought to determine the combined effects of high levels of multiple solutes (combined solute index). We generated this index by first standardizing the value of each solute (mean = 0; SD = 1) followed by categorization of the standardized values into deciles (range 1-10) and then creating an average of the decile category for each participant. We analyzed this combined solute index as a continuous and a categorical (quintiles) variable.
We generated graphical displays of the adjusted hazard of outcomes with the solutes and the combined solute index modeled as restricted cubic spline with 3 knots to allow for the visual assessment of the functional association between solutes and outcomes. We investigated non-linear associations by incorporating splines in our analysis based on these graphical displays. Sensitivity analyses included analyses of the full cohort without excluding extreme values and subgroup analysis of those with available Kt/V UREA . In the subgroup of patients (n = 206) with previously measured low molecular weight proteins (serum β-trace protein, β2 microglobulin and cystatin C), we explored further adjustment for residual kidney function by adding these low molecular weight proteins to the primary analysis Cox model. This analysis is therefore adjusted for: demographics (age, sex and race), clinical characteristics (body mass index, residual kidney function as defined by self-reported ability to produce >1 cup of urine daily, ICED score, diabetes and cardiovascular disease), laboratory tests (albumin, phosphate, creatinine and Kt/V UREA ) and residual kidney function biomarkers (serum β-trace protein, β2 microglobulin and cystatin C).
Statistical analyses were performed using STATA software, version 12.1 (Stata Corp. www. stata.com). Statistical significance was defined as p<0.05 using two-tailed tests.
Results
Baseline Characteristics
There were 521 hemodialysis participants with available stored samples. After excluding those with extreme values from our primary analysis, our final cohort included 394 participants from 73 dialysis units. Participants included versus excluded were less likely to be white or have cardiovascular disease, had slightly lower urea, hemoglobin and higher albumin (S2 Table) . Table 1 describes the overall characteristics of the 394 participants. The average age of the participants was 57 years, 65% were white and 55% were male.
Uremic Solutes
S3 Table presents the concentrations of solutes overall and after exclusion of extreme values. After exclusion, the free concentrations of all four solutes were lower and had less variance. The correlation between the total and free concentrations of solutes improved after removal of extreme observations. The correlation between total and free p-cresol sulfate improved from 0.525 to 0.832 and between total and free indoxyl sulfate improved from 0.646 to 0.838. There was moderate correlation between all solutes except for p-cresol and hippurate which showed weak correlation (Fig 1) . There was weak correlation between the solutes and predialysis urea (S1 Fig). S4 Table describe the characteristics of the 394 participants by tertiles of the solutes. Older age was associated with higher p-cresol sulfate, indoxyl sulfate and phenylacetylglutamine. Those with diabetes and higher random blood glucose were more likely to have lower indoxyl sulfate and hippurate. Higher potassium was associated with higher concentration of all solutes. Higher creatinine, phosphate and albumin were associated with higher concentrations of indoxyl sulfate, hippurate and phenylacetylglutamine. Presence of residual kidney function (self-reported urine output > 1 cup daily) was associated with lower levels of phenylacetylglutamine but none of the other solutes.
Cardiovascular Mortality
There were 121 cardiovascular deaths over 1,393 person-years of follow-up (median 3.4 years). In fully adjusted analyses, p-cresol sulfate was associated with a higher risk of cardiovascular death [hazard ratio per SD increase (HR PerSD ), 1.62; 95% CI, 1.17-2.25; p = 0.004; 
First Cardiovascular Event
There were 217 cardiovascular events. In the unadjusted and fully adjusted models, both p-cresol sulfate and phenylacetylglutamine were associated with the risk of first cardiovascular event ( Table 2) . Fig 2B demonstrates the linear association between hippurate and first Table) .
Combined Solute Index
The combined solute index was associated with older age and higher urea, creatinine, potassium and phosphate (S6 Table) . Those in the highest quintile for combined solute index had a 96% higher risk of cardiovascular death (HR, 1.96; 95% CI, 1.05-3.68; p = 0.04) and a 62% higher risk of first cardiovascular event (HR, 1.62; 95% CI, 1.12-2.35; p = 0.01) compared with those in the lowest quintiles (Table 3 and Fig 2) . A combined solute index that includes only pcresol sulfate and phenylacetylglutamine showed results that were generally similar to the associations with the combined solute index with all four solutes (S7 Table) .
Secondary Outcome: All-Cause Mortality
There were 236 deaths during follow-up. In fully adjusted models, none of the solutes were associated with a statistically significant association with death although p-cresol, hippurate and phenylacetylglutamine had a trend towards increased risk of death (S8 Table and 
Sensitivity Analyses
Analysis of the full cohort without excluding extreme observations (n = 521) showed results similar to the primary analysis in terms of magnitude and direction of effect (S9 Table) . Restricting primary analysis to the subgroup with available Kt/V UREA (n = 303) also showed similar results (data not shown). In the subset of 206 patients with data on low molecular weight proteins (β-trace protein, β2 microglobulin and cystatin C), measured as markers of residual Further adjusting for residual kidney function biomarkers (serum β-trace protein, β2 microglobulin and cystatin C) in addition to the variables in Model 4 [demographics (age, sex and race), clinical characteristics (body mass index, residual kidney function as defined by self-reported ability to produce >1 cup of urine daily, ICED score, diabetes and cardiovascular disease), laboratory tests (albumin, phosphate, creatinine and Kt/V UREA )], did not change the direction of effect for p-cresol sulfate and phenylacetylglutamine (S10 Table) .
Discussion
In this report from a US national prospective cohort of incident hemodialysis patients from 73 dialysis centers, we found that colon-derived organic solutes that are removed by the native kidney by secretion had a graded association with cardiovascular morbidity and mortality. Plasma p-cresol sulfate was associated with a 62% higher risk of cardiovascular mortality and a 60% higher risk of first cardiovascular event and plasma phenylacetylglutamine was associated with a 37% higher risk of first cardiovascular event, per 1 SD higher solute concentration. Patients in the highest quintile of combined solute index that incorporated the four solutes measured in this study (p-cresol sulfate, indoxyl sulfate, hippurate and phenylacetylglutamine) had a 96% higher risk of cardiovascular mortality and 62% higher risk of first cardiovascular event compared to those in the lowest quintile. Our findings suggest that these four accumulated non-urea solutes in dialysis patients may be associated with toxicity and, in particular, a higher risk of cardiovascular events. Advancing kidney failure leads to accumulation of numerous substances that are cleared by the native kidney by glomerular filtration, tubular secretion and tubular uptake. The four solutes studied share the property of colon microbial derivation as well as rapid clearance by secretion in the normal kidney. P-cresol sulfate (187 Da) is the sulfate of p-cresol made through the action of the unusual microbial enzyme 4-hydroxyphenylacetate decarboxylase on 4-hydroxyphenylacetate which is derived from tyrosine and from plant polyphenols. [10] [11] [12] 14] Indoxyl sulfate (212 Da) is the sulfate of indoxyl made from indole produced by the action of microbial tryptophanase on tryptophan. Hippurate (178 Da) is the glycine conjugate of benzoic acid which is partially derived from colon microbial action on various plant compounds. [35] [36] [37] [38] Phenylacetylglutamine (263 Da) is the glutamine conjugate of phenylacetic acid which is produced almost exclusively by the action of colon microbes on phenylalanine. [13, 39] Conventionally "adequate" dialysis dose guided by Kt/V UREA maintains predialysis urea (60 Da) at a low level but is much less effective in controlling the levels of these other solutes. We recently found that expressed as multiple of their average concentrations in normal subjects, the pre-dialysis free concentrations of p-cresol sulfate (41-fold higher), indoxyl sulfate (111-fold higher), hippurate (108-fold higher) and phenylacetylglutamine (122-fold higher) were strikingly greater than those of urea (5-fold higher) or creatinine (13-fold higher) in hemodialysis patients.
[28] P-cresol sulfate accumulation can cause shedding of endothelial microparticles that impair nitric oxide signaling and induce endothelial dysfunction. [22, 23] Indoxyl sulfate accumulation can cause impairment of cellular oxidative systems leading to free radical generation which can cause toxicity in the renal tubular cells and vascular endothelium. [17, 24] There has been less consideration of toxicity from hippurate and phenylacetylglutamine. The current study demonstrates an association between solute accumulation and cardiovascular events suggesting the retained solutes might indeed be toxic.
A number of earlier, smaller, studies have reported an association between free p-cresol sulfate, indoxyl sulfate and outcomes in dialysis patients. In a single center study, free p-cresol sulfate and indoxyl sulfate measured in a cohort of chronic kidney disease patients (including 44 on dialysis) were associated with risk of death. [16, 18] In another single center study of hemodialysis patients (n = 100), free p-cresol sulfate but not indoxyl sulfate was associated with the higher odds of cardiovascular events (odds ratio 1.78; p = 0.01). [21] In a study of 175 hemodialysis patients from two dialysis units, free p-cresol sulfate was associated with risk of death when analyzed as a categorical variable (adjusted HR 2.28 above versus below median; p = 0.02). [15] Another group of investigators reported an association between p-cresol sulfate and risk of cardiovascular events in 50 hemodialysis patients (HR for free p-cresol sulfate, 1.66; p<0.01) and 46 peritoneal dialysis patients (HR for total p-cresol, 1.05; p<1.01). (19, 20) In a single center study of 112 prevalent hemodialysis patients, both free p-cresol sulfate and indoxyl sulfate were associated with the risk of death (HR 1.01 for p-cresol and 1.10 for indoxyl sulfate). [25] We had previously reported in the same cohort as this study that total (free and bound) p-cresol sulfate and indoxyl sulfate were not associated with outcomes in incident dialysis patients. [32] A reanalysis of the total solutes data, restricting to the 394 participants included in this study demonstrated that total p-cresol sulfate was associated with 21% higher risk of cardiovascular mortality per SD higher level (S11 Table) . The reasons for the discrepancy between the relation of total and free solutes levels to outcomes cannot be known with certainty. We presume the free level is a better indicator of the potential toxicity of uremic solutes, as tissues are exposed to free solute levels. Confounding by albumin concentration may be another explanation. A higher albumin concentration tends to increase the total solute level for any given free solute level, and higher albumin concentrations are also associated with better outcomes in dialysis patients. [40] It is possible that unmeasured solutes also compete for the same binding sites on albumin. A high total burden of such solutes will tend to impair the binding of individual solutes. As a result, among patients with the same total levels of a particular solute, those with the higher aggregate solute burden would have higher free levels of that solute and measurement only of total solute levels could tend to conceal an association of that solute with poor outcomes.
We noted approximately 25% reduction in the hazard estimates (log HR) for p-cresol sulfate and phenylacetylglutamine compared with no change with hippurate after adjustment for age, sex and race (Table 2, Model 2). Although the direction of effects did not change and the confidence intervals overlap, these findings appear intriguing. They could reflect partial adjustment for comorbidities with adjustment for age as older age is associated with more comorbidities. Older age could also mean a longer cumulative exposure to uremic toxins, perhaps even prior to start of dialysis, leading to higher uremic vasculopathy. Biological differences in sex and race or associated environmental and social determinants may also contribute to variations in solutes. These findings are hypothesis generating and should be confirmed in other studies.
There are some limitations to our study. First, we measured solutes at a single time point and levels of these solutes likely vary over time. Repeated solute measurements might reveal a stronger association of solute levels with outcomes. Second, a particular consideration is that residual native kidney function, which was present in many of our subjects when baseline samples were obtained, can have a large effect on the levels of secreted solutes. [41] In our sensitivity analyses, adjusting for the low molecular weight solutes that reflect residual kidney function did not change the observed association between p-cresol sulfate and outcomes. Third, sample handling is an issue in large scale, representative, effectiveness studies conducted in routine practice. However, our results were robust regardless of excluding outliers. Finally, although our prospective study demonstrates a longitudinal and dose response relation between solutes and outcomes, it does not establish causality. The associations we note in our study could also be reflective of other unknown uremic toxins that are retained along with the four solutes that we measured. Further studies are needed to identify unknown uremic solutes in dialysis patients and determine their mechanism of toxicity. These limitations of our study are balanced by several strengths including a prospective national multicenter design, inclusion of only incident dialysis patients, detailed and precise information on comorbidities and systematic adjudication of outcomes. These comprehensive data allowed us to extensively adjust for potential confounders and reduce the chances of residual confounding. Importantly, our multicenter study cohort provides generalizability of our results to US hemodialysis patients.
In conclusion, in this national prospective study of incident dialysis patients in the US, we demonstrate an association between free levels of colon-derived organic solutes that are normally removed by the native kidney by secretion and cardiovascular outcomes. Our findings suggest that these solutes that are not adequately cleared by conventional dialysis may contribute to morbidity and mortality in dialysis patients. Replication of our findings in other large prospective cohorts will provide further scientific evidence to pursue clinical trials targeted to reducing solute production, improving dialytic removal or both. [3, 4, 6, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Supporting Information This work was presented in abstract form at the 2013 Annual Meeting of the American Society of Nephrology in Atlanta, GA, November 7-10, 2013.
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